Catalytic enantioselective arylations: boron to zinc exchange as a powerful tool for the generation of transferable aryl groups Journal of the Brazilian Chemical Society, v.19, n.5, p.813-830, 2008 A transmetalação entre boro e zinco apresenta uma grande importância para diversas aplicações em síntese orgânica, uma vez que permite a formação de novas ligações carbono-carbono entre reagentes organometálicos e espécies eletrofílicas. A arilação direta de aldeídos e, mais raramente de cetonas, de maneira catalítica e enantiosseletiva, empregando catalisadores quirais, têm sido descrita recentemente. Os diaril metanóis opticamente enriquecidos, obtidos nessas reações são precursores valiosos para a síntese de moléculas bioativas. O presente trabalho apresenta uma revisão sobre essa crescente área de atuação e destaca alguns dos desafios que ainda permanecem.
Introduction
Over the past decades, great progress has been made in the catalytic asymmetric addition of organozinc reagents to aldehydes using chiral amino alcohols as ligands, and products with excellent enantiomeric excess have been achieved with all types of substrates. 1 More recently, the enantioselective arylation of aldehydes in the presence of a chiral ligand has received special attention since it gives access to chiral diarylmethanols, important precursors for pharmacologically and biologically compounds which include antihistaminic, antiarrhythmic, diuretic, antidepressive, laxative, local-anesthetic and anticholinergic activities ( Figure 1 ). 2, 3 For instance, (R)-orphenadrine and (R)-neobenodine both display antihistaminic and anticholinergic activity. Other compounds with similar core feature also present important biological activities.
Examples are the medically useful histamine H 1 antagonists (S)-carbinoxamine and (R,R)-clemastine and the more selective, second generation H 1 antagonist (S)-cetirizine di-hydrochloride, which is currently administrated in its enantiomerically pure form for the treatment of allergic diseases. 4 In addition to their direct applications, chiral diarylmethanols could also serve as intermediates in the synthesis of drugs with a chiral trisubstituted diarylmethane unit, 5 which is found in many compounds that act as phosphodiesterase-4 (PDE-IV) inhibitors. These compounds have received considerable attention as potential therapeutic agents for the treatment of diseases such as asthma and chronic obstructive pulmonary disease.
In order to circumvent this problem, diethylzinc was found to reduce the reactivity of the arylzinc reagent, by forming phenylethylzinc, which is less reactive than diphenylzinc itself. This strategy improves the overall system performance since the aryl transfer reaction proceeds slowly compared to the reaction with Ph 2 Zn alone. Additionally, it accounts for a higher selectivity for the phenyl transfer and allows the use of reduced amount of the expensive diphenylzinc (Scheme 2). 9, 10 These two protocols, however, have a serious drawback. The scope of the aryl group to be transferred is limited to phenyl ring, because only diphenylzinc is a commercially available diarylzinc reagent. Thus, there is a need for the development of methods that would permit the asymmetric transfer of a broader range of substituted aryl groups, starting from cheap and readily accessible sources. In this context, an interesting protocol was recently introduced by Bolm, which take advantage of the use of boronic acids as the source of the nucleophilic aryl species, by a boron-to-zinc 11 exchange reaction with diethylzinc. 12 This method now allows the exploitation of a broader range of substituted aryl transfer reagents, since numerous arylboronic acids are sold by commercial suppliers and even more interesting is the feature that this methodology permits that both enantiomers of a given product can be prepared using the same chiral ligand, just by appropriate choice of both reaction partners; aryl boronic acid and aldehyde (Scheme 3).
Mechanistic Considerations
Although the exact nature of the actual catalyst is still not well understood, it is believed that the boron-to-zinc exchange reaction leads to the formation of PhZnEt, as already investigated by Pericàs 10 and Bolm/Norrby 13 for the addition of Ph 2 Zn/Et 2 Zn. On the basis of DFT calculations, they independently proposed that when a diphenylzinc and diethylzinc are mixed in solution, a group exchange takes place and the equilibrium is completely shifted towards the mixed species PhZnEt. This mixed zinc reagent in the presence of a chiral ligand (i.e. an amino alcohol) may form preferentially an ethyl-substituted chiral zinc complex, which then reacts with aldehydes through a tricyclic transition state delivering preferentially the product of arylation (Scheme 6).
More recently, a very interesting theoretical and experimental study was published by Maseras, Pericàs and co-workers, dealing with the mechanism of the boron-tozinc exchange reaction, and its application to the catalytic asymmetric arylation of aldehydes.
14 On the basis of DFT calculations, with a slightly simplified system, consisting in dimethyl(phenyl)boroxine and EtZnMe, they found that a stepwise mechanism involving sequential zinc-to-boron and boron-to-zinc transmetalations seems to be operating in the reaction system (Scheme 4). The overall process is expected to consist in two easy steps involving migration of a carbon chain from an anionic center to an adjacent site with Lewis acid characteristics. This observation contrasts with the standard experimental procedures encountered in most of the publication of the field, where the transmetalation step typically takes 12 h at 60 o C. In order to test their hypothesis that the boronto-zinc exchange should occur as a fast step in the whole process, microcalorimetric experiments were carried out, and they revealed that the reactions are expected to reach equilibrium in very short times (15-30 min) . Further experimental evidence was obtained by generating PhZnEt from phenyboronic acid or triphenylboroxine, under the conditions determined by the studies performed. In fact, the transmetalation was found to be completed in 15 min for PhB(OH) 2 and 30 min for (PhBO) 3 . The PhZnEt thus generated reacted with p-tolualdehyde, in the presence of an chiral amino alcohol, delivering the chiral diarylmethanol in high yields and ee's (Scheme 5).
The active catalyst for asymmetric aryl transfer is, actually, the complex formed by the reaction of the ligand with the PhZnEt formed in the transmetalation step. Thus, as depicted in Scheme 6, the combination of an amino alcohol with the zinc reagent can lead to both structures A (ethyl-substituted) and B (phenyl-substituted). As determined by Bolm/Norrby, 13 in their theoretical study on the mechanism of the aryl transfer reaction, the species A is the favored and leads, upon coordination with the aldehyde and another molecule of the organozinc reagent, to the tricyclic transition states anti-trans C and anti-cis D, which are in line with the dinuclear zinc complexes proposed by Noyori. 15 The anti-trans transition state C should be favored over the anti-cis D, since axial positioning of the aldehyde is avoided, minimizing steric interactions with the ethyl group attached to the zinc atom, in the central four membered ring. The phenyl transfer is favored over the ethyl transfer, since for both, the transition states are reminiscent from the free anion, with the filled lobe pointing between the zinc and the carbonyl C atom. In the case of the phenyl moiety, additional stabilization is provided by the filled aromatic orbital, which overlaps with the electron-poor Zn and C atom orbitals. As a result, the phenyl group easily bends, while the distortion of an ethyl group is a high-energy process, which accounts for the higher selectivity for the phenyl transfer, even in the presence of large excess of the ethyl reagent. 
Asymmetric aryl transfer reaction with chiral amino alcohols and amino alcohol-type ligands
The first successful ligand developed for this process was the ferrocene-based chiral oxazoline 1 (Scheme 7). 9 This compound catalyzed the addition of several different aryl boronic acids to a broad range of aromatic aldehydes possessing either electron-donating or electron-withdrawing groups with high levels of enantioselectivity. It is worth mentioning that even aromatic aldehydes bearing an ortho substituent, which have previously proved difficult, afforded the corresponding carbinol in high ee's. The structure of the boronic acid also tolerates some substitution, especially at the para position and the aryl group was transferred with high yields and ee's. Ortho substituted aryl boronic acids were problematic and ee's were generally lower. The results could be improved even more by the addition of a polyether to the reaction system. 16 Thus, with the addition of 10 mol % of DiMPEG (M = 2000 g.mol -1 ) higher ee's of the product could be achieved. Significant to point out is that this catalytic system was also suitable for scale up purposes and the same level of enantioselectivity was maintained when the reaction was carried out on a multigram scale. 17 Bolm and co-workers also succeeded in expanding their methodology to investigate the synthesis of diarylmethanols with two differently substituted aryl groups (Figure 2) . 18 The authors found that most diarylmethanols were performed in good yields and high enantioselectivities. For example, 4-chlorophenyl-2'-methylphenylmethanol was obtained in 71% yield and 91% ee. In the catalysis starting from 4-methylbenzaldehyde and 3-thiophenylboronic acids, diarylmethanol was formed with 95% ee in 71% yield.
Another modification that has been developed in the field is the use of triphenylborane as the source of the transferable aryl group instead of the boronic acid and the same ferrocenyl oxazoline 1 was used as the chiral ligand. 19 This protocol is also based on a boron-to-zinc exchange reaction by simply reacting BPh 3 with a 3-fold excess of diethylzinc in toluene to generate the reactive arylzinc species and similar levels of enantioselectivity were achieved in comparison with the boronic acid method (Scheme 8). Another chiral ligand that has been employed to mediate this enantioselective aryl addition is the silanol 2, which is an analogue of 1. This organosilanol showed a decreased performance since it catalyzed the arylation of 4-chlorobenzaldehyde in 73% yield and with a reduced ee of 88% (Scheme 8). Recent studies by Wang and co-workers described enantioselective arylations of aryl aldehydes using arylboronic acids as aryl resource using chiral ferrocenyl alcohol as catalysts. The results showed that the (2S)-1-ferrocenylmethylaziridin-2-yl(diphenyl)methanol 3 was a general catalyst for asymmetric addition of various ArZnEt, to the prochiral aldehydes with high enantioselectivities. 21 In addition, the R or S enantiomers of a series of given diarylmethanols could be easily obtained in high yields with excellent enantioselectivities simply by the reverse combinations of both reaction partner.
In a further extension of this study, they demonstrated that the four-membered heterocycle-based 4 backbone has a good potential as chiral unit for the catalytic asymmetric induction reaction. The authors have also observed that the hindrance of the bulky ferrocenyl group played an important role in the enantioselective addition reactions (Scheme 9). 22 Another catalytic system developed for the arylation of aldehydes with the BPh 3 /Et 2 Zn protocol were the oxazolinyl alcohols which are readily accessible from chiral sources such as amino alcohols (for the case of ligand 5) 23 or mandelic acid (for the case of ligand 6). 24 Arylation reaction in the presence of 10 mol % of 6 afforded only low yields and ee's of the arylated product. However, ligand 5 has performed better and the diarylmethanols could be obtained with moderate enantioselectivity. The best result was obtained when 4-methoxybenzaldehyde was used and the corresponding product was isolated in 81% ee, albeit in only 60% yield (Scheme 10).
One of the easiest ways to increase the structural diversity of ligand libraries is to use amino acids chemistry, which is well established and highly modular. In 2005 Braga and co-workers 25 reported on the use of -amino alcohols 7 as chiral ligands in the enantioselective arylation of aldehydes using boronic acids as a suitable source of transferable aryl group. The desired products were obtained in high yields and excellent levels of enantiocontrol for a range of aldehydes and boronic acids (Scheme 11).
The best results were achieved using ligand 7b derived from L-valine (R = i-Pr) and R 1 = Et and the scope of the On the other hand, when an electron-withdrawing group such as chlorine, was present in the aldehyde, the enantioselectivity was also lower than when p-tolualdehyde was used. With regard to steric effects, it was observed that steric hindrance does play an important role in determining the degree of enantioselection. For instance, ortho-substituted benzaldehydes underwent aryl transfer with the same level of enantioselectivity as their para analogues. In order to examine if different aryl groups could be transferred to aldehyde with the same stereoselectivity, giving access to a range of substituted diaryl carbinols, the aryl transfer reactions of some substituted aryl boronic acids with benzaldehyde were studied and, excellent yields and ee were obtained. Despite the small size of the library and the limited structural diversity, this work paved the way to all the subsequent developments. In a subsequent work, Braga and coworkers reported application of pyrrolidinylmethanols 8 in the zinc-catalyzed enantioselective addition of boronic acids to aldehyde. 26 Another successful application of pyrrolidinylmethanol ligands was the enantioselective aryl transfer reactions to aldehydes with boroxines as aryl source (Scheme 13). 27 Recently, Dahmen described studies regarding the effect of additives in the phenyl transfer reactions to 2-bromobenzaldehyde using N,N-dibutylnorephedrine (DBNE) as chiral ligand and triphenylborane as aryl source. They found that the polyethylene glycol derivatives generally improve the enantioselectivity, presumably by complexing zinc salts and thereby reducing the importance of the background reaction. Alcohols, in contrast, react with the zinc reagent and influence the selectivity by formation ii. RCHO, DiMPEG (10 -13 mol %) Yields and ee's refer to the arylation product of zinc alkoxides. The most interesting results observed by the authors were obtained with imidazole as additive, which led to a reversal in enantioselectivity. They could conclude that DiMPEG 2000 proved to be the best additive, giving an improvement of about 20% ee compared to the catalyzed reaction without additive (Scheme 14). 28 In 2007, Braga and co-workers extended the application of this catalytic system with boronic acids serving as the aryl source. Application of various aldehydes in the phenyl transfer reaction using N,N-dibutylnorephedrine allowed the synthesis of diarylmethanols with up to 96% ee (Scheme 15). 29 Another effective catalyst for enantioselective phenyl transfer reactions to aldehydes was reported by Zhong in 2007. 30 They could easily prepare the cyclopropanebase chiral amino alcohols in three simple steps. Initially, the catalytic properties of this class of ligands were screened in the asymmetric phenyl transfer from a mixture of phenylboronic acids and diethylzinc to p-methylbenzaldehyde. The best result was obtained with 10 mol % of ligand 9 in toluene at -20 o C. Next, the phenyl transfer onto various aromatic aldehydes was investigated leading to products with good enantioselectivities (79-89% ee), in excellent yields (83-90%) (Scheme 16).
Recently, Braga and Wessjohann have demonstrated an efficient and very fast catalytic enantioselective arylation of aromatic aldehydes under microwave "flash-heating" using rigid chiral ligands. 31 In preliminary experiments, the authors studied the reaction time required for the addition of the pre-formed arylzinc species to the aldehyde. In parallel with these studies, a new class of ligands for the asymmetric aryl transfer reaction was developed, namely aziridinemethanols. The best results were obtained using 10 mol % of the catalyst 10 with 300 W of irradiation power and temperatures up to 60 °C. Under these conditions, the product was obtained in only 5 min in 92% yield with 96% ee (Scheme 17).
More interestingly, though, is the fact that the reactive arylzinc species also could be effectively generated under microwave irradiation. Consequently, they found that the desired diarylmethanols could be obtained in high yields and ee's. Thus, the best reaction conditions established for this particular reaction consist of 10 min for the generation of the arylzinc species, followed by the addition of the catalyst and the appropriate aldehyde and an additional irradiation time of only 5 min with 300 W of irradiation power (Scheme 18). 31 Other catalysts previously employed in the group were also tested, however, the best results were obtained with the aziridine-based amino alcohol 10 (97% yield, 98% ee). Important to mention is that for the first time, microwave energy has been used for the generation of reactive arylzinc species, starting from boronic acids. This new protocol improves significantly the catalytic performance of the system, leading to enantiomerically enriched diarylmethanols in very short reaction times, without compromising the enantioselectivity of the process. The dendrimer-supported pyrrolidinylmethanol 11 was used by Zhao, Zhu and co-workers to mediate the reaction of arylzinc reagents with aldehydes ( Figure 3) . 32, 33 The enantioselectivity obtained with the use of the polymer was very close to that of the corresponding monomeric catalyst 8.
Scheme 14.
The best results were obtained using ligand 11c (n=2), and the enantioselectivity of the arylation reaction was very high for a range of aromatic aldehydes (89-98%). Moreover, one of the more relevant features of these dendritic ligands is the ease of their separation and reuse, due to their large molecular size and different solubility. Thus, by adding methanol to the reaction mixture, the quantitative precipitation of 11c occurred, which was recovered by filtration. The recovered ligand was reused at least five times with little or no loss of activity and enantioselectivity (Scheme 19).
Asymmetric aryl transfer reaction with sulfurcontaining ligands
Sulfur-containing ligands have also been employed in the enantioselective arylation of aldehydes. For example, Uang and co-workers have developed a camphorderived ligand 12, with a -amino thiol moiety, which was successfully applied in the asymmetric arylation of several aromatic aldehydes. 34 Once again, the source of the transferable aryl group was the corresponding boronic acid. Initial studies employing phenylboronic acid and p-tolualdehyde revealed that the best results were achieved in the presence of 10 mol % of -amino thiol 12 at -35 o C, for a period of 48 h. It is worth mentioning that the best results were observed when a mixture of toluene and hexanes (1:3) was used as the reaction solvent. This is particularly interesting, since the commercial solution of diethylzinc in hexanes in less expensive than the corresponding toluene solution. The optimal condition was extended to other arylboronic acids and aromatic aldehydes and high yields and excellent enantiomeric excesses were obtained ( Scheme 20) .
In this same context, Braga and co-workers also developed an efficient and modular synthesis of chiral thiazolidines, based on the readily available amino acids (R)-cysteine and (R)-penicyllamine. 35 These chiral thiazolidines were evaluated as ligands for the asymmetric aryl transfer reaction with arylboronic acids and the chiral diarylmethanol product were obtained with moderate to good ee's. From these studies, it was observed that the size of the ester group plays an important role in the enantioselection event.
With larger substituents at the ester function, higher ee's of the products were obtained. Further refinements on the structure were made and it was found that a gem-dibutyl group in the thiazolidine ring resulted in improved ee's of the diarylmethanol products. Moreover, ligands derived from (R)-cysteine displayed better catalytic behavior than the similar compound derived from (R)-penicyllamine. For example, the direct comparison between compounds 13b and 13c as ligands in the catalytic aryl transfer reaction reveals that 13b, which is derived from (R)-cysteine delivers the desired product in higher yields and ee's (97% yield, 81% ee vs. 79% yield, 52% ee; see Scheme 21) . This indicates that the steric bulkiness around the sulfur atom decreases the ability of the ligand to coordinate to zinc, thus disfavoring the enantioselective pathway.
Very recently, an interesting study comparing the catalytic performance of amino alcohols with their thioacetate analogues was described. 36 The authors observed that the thioacetate ligands were remarkably superior to the corresponding amino alcohols. For example, the phenylation of 4-chlorobenzaldehyde could be accomplished in the presence of 2.5 mol % of the chiral thioacetate 15, and the corresponding diarylmethanol was isolated in high yields and excellent enantioselectivity. On the other hand, when the amino alcohol 14 with the same framework was tested, 29 the product was achieved in very low ee (Scheme 22). The authors explain this higher efficiency due to a stronger affinity of sulfur toward zinc or arylzinc species.
Another remarkable feature of this catalytic system is that the chiral thioacetates can be used in very low amounts, being effective even when 1 mol% of ligand is used.
The catalytic system was extended to several different combinations of aromatic aldehydes and arylboronic acid, possessing both electron donating and electron withdrawing groups. High yields and ee's were achieved in the presence of 2.5 mol % of the thioacetate 15 and some selected examples are shown in Figure 4 .
The combination of triarylboroxines as the aryl source and chiral sulfur ligands has also produced some interesting results. Zhao and co-workers develop a class of thiopheneoxazoline ligands, prepared from the condensation of a thiophene derivative with chiral amino alcohols. 37 These compounds were applied in the phenylation of several aromatic aldehydes with moderate enantioselectivities (Scheme 23). The best ligand was found to have the oxazoline moiety derived from S-Me-(R)-cysteine (ligand 16), promoting the reaction between triphenylboroxine and p-chlorobenzaldehyde in 91% yields and 82% ee. The scope of the phenyl transfer was examined to other aldehydes and ee's in the range of 60-82% were obtained.
Asymmetric aryl transfer reaction with binol-type ligands
Some excellent binaphthol ligands have also been studied. Ito and Katsuki developed a binaphthol-derived ligand 17, which has shown excellent reactivities and enantioselectivities in asymmetric addition of boronic acids to aldehydes (Scheme 24). 38 For example, the reaction of p-chlorobenzaldehyde with ethylphenylzinc at 0 °C in toluene/TBME in the presence of 10 mol % 17 produced (S)-4-chlorophenyl-phenylmethanol with 95% ee.
Chan and co-workers applied the chiral tertiary aminonaphthol ligand 18a in asymmetric arylation-type reactions. 39 The reaction is conducted under the same conditions as mentioned above with Bolm's catalyst 1 (Scheme 7), although the best enantioselectivity was obtained at -15 °C, in high yields and enantioselectivities. A similar chiral aminonaphtol ligand 18b was used by Dahmen and co-workers, to perform the arylation of aldehydes. The authors employed several different aryl ii. sources and have found that triarylborane ammonia complexes are the ideal precursors of the arylzinc reagent for their catalytic system (Scheme 25). 40 In the same way, Chan also described the synthesis of a series of atropisomeric binaphthyl-derived amino alcohols and their application in the catalytic asymmetric phenyl transfer reaction to aromatic and aliphatic aldehydes. 41 The salient features of these chiral amino alcohol ligands include their ease of preparation and the flexibility of modifications on both the binaphthyl moiety and the amino alcohol backbone. The best result was obtained with ligand 19, which gave the chiral alcohol with 96% ee. The match of the configurations between the binaphthyl blackbone and the phenyl substituent alpha to the amino moiety was quite important for obtaining high enantioselectivity in the product. In contrast, the mismatched configuration of 20 was detrimental to the enantioselectivity (69% ee). Amino alcohol ligands containing phenyl substituents at the 2-position were found to be more effective than those containing a methyl substituent. In most cases, the configuration of the alcohol product could be correlated with the chirality of the amino alcohol moiety of the ligand (Scheme 26).
Under the newly developed catalytic system, the authors could observe that the scope of substrates was not limited to para-substituted aromatic aldehydes, the meta-or even ortho-substituted substrates also afforded the corresponding products with good yields and excellent ee's. They found, that not only the yields of the addition products, but also the enantioselectivities were uniformly high (>97% ee). Aromatic aldehydes possessing steric hindrance, such as 1-naphthaldehyde and 2-naphthaldehyde, also proved to be suitable substrates for the asymmetric phenylation reaction. The in situ prepared phenylzinc reagent also worked well for the phenyl addition to other aldehydes, particularly aliphatic aldehydes, furaldehyde, and , -unsaturated trans-cinnamyl aldehydes, giving products with good to excellent ee's in most cases (Table 1) .
Asymmetric aryl transfer reaction with sulfonamide ligands
In 2003, Yus discovered that the arylzinc reagent, prepared in situ by the boron-to-zinc exchange of phenylboronic acid with a solution of diethylzinc, could also add to ketones to generate chiral tertiary alcohols in the presence of camphorsulfonamide derivatives 22 (Scheme 27). 42 The aforementioned result was slightly worse than using pure diphenylzinc. After 24 h, the chemical yield was only 79%, various by-products being detected resulting from ethyl addition and ketone auto-aldol condensation processes. The lower enantioselection, as well as the chemical yield, might be attributed to the presence of organoboronate salts and therefore to side-reactions promoted by them.
Recently, the same authors studied the catalytic arylation of ketones using trans-1-arenesulfonyl-amino-2-isoborneolsulfonylaminocyclohexane 23 as ligand. The corresponding phenylzinc intermediate was obtained starting from commercially available triphenylboron by transmetallation with diethylzinc by heating in toluene at 70 °C. This intermediate was reacted in situ with parabromoacetophenone in the presence os substoichiometric amounts of ligands 23a-b and a small excess of titanium tetraisopropoxide giving the expected diarylethanol derivative with excellent enantioselectivities (Scheme 28). 43 Although the actual catalysts for these bis(sulfonamide) ligand systems are still not determined, analogy can be made to the mechanistic aspects described for the enantioselective addition of diethylzinc to aldehydes. 44 These bis(sulfonamide) ligands most likely bind to titanium in a multidentate fashion to generate the active catalyst, which then adopts a C 2 -symmetric disposition in the transition state. Furthermore, in this bimetallic system, the role of the dioorganozinc reagent is more likely to transfer the organic group to titanium, which then delivers it to the aldehyde. metabotropic glutamate receptor (mGlu2) potentiators. The mGlu2 are a class of G-protein-coupled receptors, being largely presynaptic and generally inhibiting neurotransmission. 45 Thus, compound 29 is a key intermediate in the industrial synthesis of potential therapies for the acute treatment of migraine headaches and it is needed in multikilogram scale. The method of choice to prepare the chiral diarylmethanol was the asymmetric arylation of 3-cyano benzaldehyde, using arylboronic acid 24 or triarylboroxine 25 as the source of a transferable aryl group. 46 Initially the boron-to-zinc exchange reaction was performed with diethylzinc, resulting in the corresponding arylzinc reagent. Addition of the chiral amino alcohol ligand (15 mol%) and DiMPEG (11 mol%), followed by injection of the aldehyde 27, resulted in a smooth reaction and the corresponding diarylmethanol 28 was isolated in 95% yield and >94% ee. This product was successfully converted to the target compound 29 in a few synthetic steps. Important to mention is that the reaction was run in pilot plant using 17.6 kg of the aldehyde 27 with results 
Application in Large Scale Synthesis

Summary and Outlook
In the past 20 years there has been dramatic growth in the use of transition metal catalysis in synthetically important organic transformations. Recently, increased attention has been paid to zinc catalysts in the catalytic, enantioselective arylation of aldehydes. In this context, an interesting protocol was recently introduced, which takes advantage of the use of boron compounds as the source of the nucleophilic aryl species, by a boron-zinc exchange reaction with diethylzinc. Although much progress has been made in developing this chemistry, many challenges and questions still remain. A deeper understanding of the mechanism and the factors that govern the formation of the presumably transferable arylzinc species from different organometallic reagents will allow for innovation in ligand design and reduce the amounts of ligand necessary to achieve high enantioselectivities. Certainly, in the near future, many advances are forthcoming that will turn this methodology into a robust and efficient way to access valuable, enantiopure building blocks with broad applications to the synthesis of biologically important molecules.
In addition, the arylation of other carbonyl compounds and derivatives, such as poorly electrophilic ketones and 
